Abstract The high-temperature oxidation behavior of a new family of refractory high-entropy alloys (HEAs) with compositions of W-Mo-Cr-Ti-Al, Nb-Mo-CrTi-Al and Ta-Mo-Cr-Ti-Al was studied at 1000 and 1100°C. Based on these equimolar starting compositions, the main incentive of this study was to select the most promising alloy system whose properties may then be successively improved. Despite the high amount of refractory elements, Ta-Mo-Cr-Ti-Al showed good oxidation resistance at 1000 and 1100°C. 
Introduction
Alloys based on refractory metals are potentially very attractive for hightemperature applications primarily because of their high melting points [1] . Extended explorations of refractory-based materials aiming at a practical use of these materials in ambient environment at high temperatures were undertaken during the 1950s and 1960s of the twentieth century [2] . However, the commercial implementation of these alloys as structural materials has largely been prohibited since they suffered from severe drawbacks such as insufficient ductility at low temperatures and poor oxidation resistance. Currently, refractory elements, such as Mo, W, and Re, are added in only moderate concentrations to conventional hightemperature materials such as Fe-and Ni-based alloys, to enhance their strength [3] . Nevertheless, some refractory-based alloy systems are still intensively investigated, and their properties have been significantly improved. For example, Bewlay et al. reported on the excellent balance between room-and high-temperature mechanical properties and oxidation behavior of advanced Nb-based composites consisting of a Nb-based solid solution with Nb 3 Si and Nb 5 Si 3 -type silicides [4] . Significant improvements in high-temperature oxidation behavior of Mo-based alloys have been recently achieved due to macroalloying with Ti [5] .
In the recent years, the so-called high-entropy alloys (HEAs) and particularly refractory HEAs have attracted steadily increasing attention among the scientists worldwide [6] [7] [8] [9] . In HEAs, elements possess equal or nearly equal concentrations. From the thermodynamic point of view, such alloys exhibit high entropy of mixing; the formation of simple solid solution is, therefore, favored, while the appearance of intermetallic phases is suppressed because of their ordered structure and, consequently, much lower entropy of mixing [6] . However, experimental studies on the microstructure of HEAs show that most of the HEAs contain more than one phase [6, 7] . Some new refractory HEAs show extremely high strength at elevated temperature and have, thus, been considered as prospective materials for high-temperature application [7] . Recently, a new equimolar refractory alloy system X-Mo-Cr-Ti-Al was proposed by Gorr et al. [10] . Extensive microstructural analyses were carried out for W-Mo-Cr-Ti-Al and NbMo-Cr-Ti-Al alloys, and mechanical properties at room and elevated temperatures were investigated for the Nb-containing alloy [10] [11] [12] . The oxidation resistance has been studied in detail for the alloy Nb-Mo-Cr-Ti-Al [13] , while oxidation behavior of the W-containing HEA was only briefly assessed [10] . Novel experimental results on the oxidation behavior of the alloy Ta-Mo-Cr-Ti-Al have meanwhile been obtained.
Hence, this paper represents a comparative study of a refractory-based HEA family of type X-Mo-Cr-Ti-Al (with X = W, Nb, Ta) in terms of hightemperature oxidation resistance aiming at selecting the most promising equimolar alloy systems properties of which might be further improved by microalloying in future work.
Experimental Procedures
All alloys were produced from elemental bulk materials by arc-melting process in *0.6 atm of argon (arc-melter AM 0.5 by Edmund Bühler GmbH). The purities of the starting materials Ta, Mo, Nb, Al were all 99.9%, W was available in 99.96% purity, whereas Cr and Ti had purities of only 99 and 99.8%, respectively. In the alloys, nitrogen impurities were found to be below the detection limit of 5-10 wt ppm, oxygen content was measured to be between 50 and 100 wt ppm. The prepared buttons were flipped over and remelted more than five times in a water-chilled copper mold to facilitate alloy homogenization. The analyses of nitrogen and oxygen impurities were carried out after the remelting. Oxidation tests of the alloy W-MoCr-Ti-Al were performed on samples in the as-cast condition, while Nb-and Tacontaining alloys were heat treated (1200°C for 20 h) before oxidation. The samples having the dimension of 6 9 6 9 2 mm were ground to the 1200 grit and cleaned in ethanol before oxidation tests. Thermogravimetric experiments were carried out in static laboratory air at 1000 and 1100°C. Detailed sample preparation procedures as well as detailed description of oxidation tests can be found elsewhere [13] . The oxide scale morphology was analyzed by means of a FIB-SEM DualBeam system of type FEI Helios Nanolab 600 equipped with an energy dispersive X-ray (EDX) detector. To analyze the composition of oxides formed on the alloys, X-ray diffraction (XRD) measurements were carried out using the X'Pert Pro MPD diffractometer operating in Bragg-Brentano geometry. Oxide scales formed on W-and Nb-containing alloys were removed from the oxidized samples, powdered into particle sizes smaller than 40 lm, and analyzed as described in Ref. [13] . Since the oxide scales formed on the alloy Ta-Mo-Cr-Ti-Al were extremely thin, XRD measurements were conducted directly on oxidized samples, i.e. without removing the oxide layers. To support experimental observation and to get a more fundamental knowledge of the alloy systems, thermodynamic calculations were carried out using the software FactSage V6.4 in conjunction with a commercial database FRAN. alloys W-Mo-Cr-Ti-Al and Nb-Mo-Cr-Ti-Al seem to be complex, while the oxidation curves of the alloy Ta-Mo-Cr-Ti-Al may follow the parabolic rate law. In order to understand, whether the oxidation curves of alloys studied obey the parabolic or linear rate law, the mass change is plotted versus square root of the oxidation time (Fig. 1c, d ). Obviously, the oxidation behaviors of the alloys WMo-Cr-Ti-Al and Nb-Mo-Cr-Ti-Al do not obey the parabolic rate law. As opposed to this, the oxidation curves of the alloy Ta-Mo-Cr-Ti-Al follow the parabolic rate law after a short period of oxidation at both temperatures indicating the formation of a protective oxide scale. Figure 2a , b shows the nonuniform oxide scale formed on the alloy W-Mo-CrTi-Al after 48 h of oxidation at 1000°C. Two different kinds of oxide morphology can be observed: (i) thick (up to *180 lm) and porous oxide mixture, and (ii) a relatively thin (up to *20 lm) and compact oxide layer. EDX analysis (not shown here) of these two distinctive regions revealed that Ti, Al, Cr, W, and O are nearly homogeneously distributed in the thick oxide, while a discontinuous layer of a Crrich oxide was identified at the interface oxide/substrate in the case of the thin oxide layer [10] . Interestingly, enrichment of Mo was found at the interface oxide/substrate underneath the thin oxide layers. A closer look at this interface (see Fig. 2b ) reveals some additional particular features: (i) the W-and Mo-rich dendrites (bright phase in the BSE contrast) possess a poorer oxidation resistance compared with the matrix and (ii) underneath the relatively thin oxide layer, internally formed precipitates (marked in Fig. 2b ) are observed. To determine the nature of these precipitates, EBSD analysis was performed. Figure 2c shows that these precipitates are rich in Ti, Al, and Cr. Two types of nitrides were identified, namely, Cr 2 N and TiN. It should be mentioned that the alloy W-Mo-Cr-Ti-Al in the as-cast condition consists of two BCC phases with very close lattice parameter; for details, see Ref. [10, 12] .
Results
To identify the nature of the corrosion products formed on the alloy W-Mo-CrTi-Al depending on the oxidation time, the oxide scales were removed from the samples oxidized for 8, 24 , and 48 h in air at 1000°C, powdered, and then analyzed using XRD. The results of this analysis reveal that three types of lattice structures were present, namely, rutile, corundum, and aluminum tungstate Al 2 (WO 4 ) 3 . Rutile The detailed description of the microstructure analyses of the metallic substrate as well as oxide scales formed on the alloy Nb-Mo-Cr-Ti-Al can be found elsewhere [11, 13] . In summary, the alloy consists of three phases, BCC solid solution, hexagonal Laves phase, and one unknown phase. Oxide scales formed on this alloy after air exposure at 1000 and 1100°C are rather inhomogeneous exhibiting regions with thick layers as well as areas showing quite thin oxide layers due to the formation of discontinuous chromium-and aluminum-rich scales (see Fig. 3 ). XRD analysis revealed that two crystal structures, rutile and corundum are present as corrosion products in the outer oxide scale after 24 and 48 h air exposure at 1000°C. After short oxidation time, i.e. 8 h, anatase, TiO 2 in the tetragonal structure, was additionally found in the oxide scale. Underneath the thin layers, Mo enrichments were identified using EDX. In contrast to the W-containing alloy, a thick zone (up to 30 lm) of internal oxidation was observed beneath the thin oxide scales [13] .
As opposed to the W-and Nb-containing alloys, a homogeneously thin (up to 7 lm) and continuous oxide scale was observed on the alloy Ta-Mo-Cr-Ti-Al after 48 h of oxidation at 1000°C. Figure 4 shows the microstructure of the oxide scale: beneath the coarse Ti oxide particles, an Al oxide layer can be identified that obviously provides a high oxidation resistance (see also the weight gain curves in 10 µm 50 µm Al O Nb Cr Fig. 3 Oxide scales formed on the alloy Nb-Mo-Cr-Ti-Al after air exposure at 1000°C for 48 h; the white box on the farthest left micrograph indicates the area chosen for EDX analysis (right color-coded micrographs) Fig. 1 ). Underneath the Al oxide layer, Cr, Ti and Nb were detected using EDX. However, a pronounced zone (up to 15 lm) of internal corrosion was also identified. Results of the XRD analysis reveal that TiO 2 , Al 2 O 3 , Cr 2 O 3 and probably CrTaO 4 are present in the oxide scale after 48 h of air exposure at 1000°C, while some Cr 2 N seems to have been internally precipitated. It should, however, be mentioned that these microstructural investigations of oxide scales and internal precipitates are of preliminary nature and need to be intensified in future work.
Discussion
Considering the high amount of refractory elements in all HEAs studied, it can be stated that the alloys show acceptable or even good oxidation resistance at least during the 48 h of air exposure at high temperatures. Figure 5a compares the parabolic oxidation constants of the alloy Ta-Mo-Cr-Ti-Al investigated in this study with those of Ni-based alloys, i.e. Cr 2 O 3 -and Al 2 O 3 -formers. Figure 5a reveals that the alloy Ta-Mo-Cr-Ti-Al reaches the level of the Cr 2 O 3 -former Nibased alloys. However, the oxidation resistance of the Al 2 O 3 -former Ni-based alloys is clearly better as compared to the alloy Ta-Mo-Cr-Ti-Al.
The dominant contribution to the mass gain during oxidation can obviously be attributed to the oxygen uptake as relatively thick oxide scales were observed on the alloys W-Mo-Cr-Ti-Al and Nb-Mo-Cr-Ti-Al. Refractory metals, however, exhibit very poor oxidation resistance. Geyer studied oxidation resistance of pure refractory metals at high temperatures [18] . In order to understand the role of refractory elements in the alloys studied in this paper, linear oxidation constants of the pure refractory metals W, Nb, and Ta calculated by Geyer [18] are summarized in Fig. 5b . Apparently, oxidation rates of W, Nb, and Ta are very high at these temperatures. It is well known that pure Mo forms gaseous oxides above 800°C that evaporate extremely fast [19] . By contrast, W, Nb, and Ta oxidize to form solid oxides at temperatures of interest. In fact, W also forms gaseous WO 3 , however, Gulbransen et al. observed severe evaporation of tungsten trioxide only at temperatures well above 1150°C [20] . Figure 5b clearly shows that W yields the highest oxidation rate at temperatures between 900 and 1100°C. This seems to be the probable reason for the high mass gain of the alloy W-Mo-Cr-Ti-Al during air exposure at 1000°C, especially of the dendritic regions that have a very high W content (see Fig. 2b ). In the temperature range between 900 and 1100°C, pure Ta and Nb possess similar oxidation resistance, where Ta exhibits only a slightly lower oxidation rate as compared to Nb. Weight gain curves of HEAs observed during oxidation in air can be ascribed not only to oxygen but also to nitrogen uptake as nitrides were experimentally identified in the zones of internal corrosion observed in all alloys. It should be pointed out that the zone of internal corrosion is the most pronounced for the Nb-containing alloy, while the thinnest one was observed in the alloy W-Mo-Cr-Ti-Al. In order to understand this experimental finding and to assess the effect of each element in the alloy W-Mo-Cr-Al-Ti on the ability of the metallic matrix to dissolve nitrogen, the mole fraction of dissolved nitrogen in the BCC phase was calculated as a function of alloy element concentrations (Fig. 6) . It was assumed that the BCC phase is the only stable phase in the alloy system that is in equilibrium with the atmosphere 20Ar-80 N at 1000°C. The concentration of one element was changed, while the contents of the other elements were kept ''equimolar''. The results shown in Fig. 6 represent the solubility limit of nitrogen in the BCC phase at 1000°C. It seems that W in this alloy plays a crucial role in terms of nitrogen solubility decreasing the amount of dissolved nitrogen in the BCC phase extremely efficiently. It can, therefore, be (a) (b) Fig. 5 a Parabolic oxidation constants of Ta-HEA and Ni-based alloys [21] and b linear oxidation rates of pure refractory metals W, Nb, and Ta [18] concluded that the decreased concentration of W may lead to the enhanced formation of various nitrides in the considered alloy system. In contrary, Cr additions do not influence the nitrogen solubility notably. Further, decreasing the Ti content up to 15 at.% may cause substantial lowering of the nitrogen solubility in the alloy (see Fig. 6 ). Ti concentrations below this critical value, however, do not affect the nitrogen solubility significantly. Table 1 summarizes the literature values of oxygen and nitrogen solubilities in those elements being present in the alloys studied. It is apparent that W, Mo, Cr, and Al do not support gas solubility in HEAs, while Nb, Ta, and Ti may contribute to oxygen and/or nitrogen solubility in the alloys. The extremely low values of oxygen and nitrogen solubilities in pure W support the above suggestion that W seems to counteract the gas solubility. Comparing the corresponding values of oxygen and nitrogen solubilities in pure W, Ta, and Nb, it can be concluded that Nb-containing alloys, compared with Ta-and especially W-containing ones, may be intrinsically prone to dissolve notable amounts of oxygen and nitrogen which cause substantial internal corrosion. Taking into account that all the alloys in this study contain the same concentration of Ti, which possesses an extremely high ability to dissolve gases, and considering the rather thin zone of internal corrosion in the W-containing HEAs, it seems that the deleterious effect of Ti in terms of gas solubility may be largely excluded. 14.5 at.% [27] 4 at.% [28] 20 ppm [29] 17 at.% [30] 0.08 at.% [22] *0
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Results of the XRD measurements are useful to indicate tendencies in the oxidation behavior of HEAs. Comparing the development of oxides formed on the alloys W-Mo-Cr-Ti-Al and Nb-Mo-Cr-Ti-Al, it becomes clear that despite the slightly less mass gain after 48-h oxidation at 1000°C, the alloy W-Mo-Cr-Ti-Al shows a significantly lower potential in terms of high-temperature oxidation resistance. This is because of the disadvantageous reaction between Al 2 O 3 and WO 3 , which results in the formation of aluminum tungstate Al 2 (WO 4 ) 3 . Obviously, this reaction reduces the probability to form a continuous and protective Al 2 O 3 layer. Although corundum could be detected in the oxide scale of the W-containing alloy after 48 h of oxidation at 1000°C, it is likely attributed to Cr 2 O 3 rather than to Al 2 O 3 formation, as a thin and discontinuous Cr-rich oxide layer was identified at the interface oxide/substrate. Despite the high oxidation rates during oxidation, the alloy Nb-Mo-Cr-Ti-Al shows a higher potential to form a protective alumina scale. The formation of a protective alumina in this alloy can successfully be facilitated by higher temperatures, prolonged oxidation times, and microalloying, e.g. with Si [13] . The alloy Ta-Mo-Cr-Ti-Al forms a protective alumina scale after 48 h of air exposure at 1000 and 1100°C and seems to be the most promising system. The mechanisms of alumina scale formation, the protective properties of CrTaO 4 , as well as the role of TiO 2 in oxidation mechanisms are, however, not clear and should be thoroughly studied in future work.
Conclusions
The comparative study of oxidation resistances of three HEAs at 1000 and 1100°C revealed that the alloy W-Mo-Cr-Ti-Al possesses the lowest ability to form a protective alumina scale because of the disadvantageous reaction between Al 2 O 3 and WO 3 , which results in the formation of fast growing aluminum tungstate Al 2 (WO 4 ) 3 . Even though the HEA Nb-Mo-Cr-Ti-Al exhibits rather high oxidation rates, this alloy possesses a clear potential to form an alumina scale. However, this alloy system shows a particular tendency to dissolve high amounts of oxygen and nitrogen, as a thick zone of internal corrosion was observed. The alloy Ta-Mo-CrTi-Al exhibits a superior oxidation resistance comparable to those of its counterparts. Due to the formation of a continuous and dense alumina scale underneath the rutile layer, oxidation kinetics obeys the parabolic rate law and low mass gain. Apparently, the oxidation mechanisms of this alloy need to be investigated in more detail to exploit its full potential.
